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Abstract
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describes the physics motivation for the FPD as well as its location
and performance.
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1 Introduction

This document discusses the construction of a Forward Proton Detector
(FPD) as a new sub-detector of the D@ detector for Run II. The FPD uses
machine magnets along with points measured on the track of the scattered
proton to determine the proton momentum and angle.

Events with a leading proton comprise about 40% of the total cross sec-
tion and are typically described by the exchange of a color-singlet pomeron,
about which little is known. The addition of the FPD would facilitate stud-
ies of the structure of the pomeron and its dependence on diffractive mass
and momentum transfer, determination of the quark and gluon content of
the pomeron, search for diffractive production of heavy objects such as W
bosons, and studies of hard double pomeron exchange. These topics are ide-
ally studied at the Tevatron due to the large center-of-mass energy available.

The FPD will consist of quadrupole spectrometers which tag outgoing
protons or anti-protons with a minimum momentum transfer and a dipole
spectrometer which detects anti-protons with a minimum momentum loss.
The installation of the quadrupole spectrometers requires that minor modifi-
cations be made to the accelerator to create space for the detectors. Prelimi-
nary studies show that these modifications are feasible, but a full engineering
study is necessary. The physics benefits of the quadrupole spectrometers in-
clude acceptance for a large range of proton momenta and tagging of both
protons and anti-protons. This allows a full study of hard diffraction in
regions of low background, detailed study of double pomeron events, and
in addition provides samples of elastic scattering events for alignment and
luminosity monitoring.

Small scintillating fiber detectors will be installed in a series of Roman
pots to measure the (z,y) coordinates of the proton or anti-proton track,
thus allowing the determination of the track momentum and angle. The
detectors will use multi-channel photomultiplier tubes which will be inter-
faced with Central Fiber Tracker trigger boards, resulting in D@ standard
data structure and triggering. The FPD will not require any special run-
ning conditions and would have minimal impact on the standard D@ physics
program except to broaden it.

The document is organized in the following manner. A discussion of the
physics motivation is given in Sec. 2, followed by a description of the FPD
in Sec. 3 and the hardware in Sec. 4. Triggering and data taking are covered
in Sec. b, followed by a section on accelerator modifications and conclusions.



2 Physics Motivation

2.1 Overview of Diffractive Physics

Quantum Chromo-Dynamics (QCD), the current theory for strong inter-
actions, has been very successful at describing and predicting many areas
of particle physics. Its successes are limited, however, to the perturbative
regime where the strong coupling constant is small. About 40% of the total
pp cross section at the Tevatron is elastic and diffractive scattering which
are non-perturbative and cannot currently be calculated in QCD.

Figure 1(a) shows the diagram for elastic scattering in which a strongly
interacting color singlet (pomeron) is exchanged resulting in the scattering
of the proton and anti-proton. The right-hand side of the figure shows how
a scattering would look in an ideal detector. The proton and anti-proton
would be detected at extreme pseudorapidities’ with a separation of 180° in
azimuthal angle ¢. This figure also demonstrates the absence of associated
particle production, or the rapidity gap, expected in elastic scattering due
to the lack of color exchanged in the interaction. Figure 1(b) shows the
diagram for diffractive dissociation, or single diffractive scattering, in which
one of the beam particles (the proton in this case) has broken up, producing
particles in the hemisphere of the detector opposite the detected p.

The properties of elastic and diffractive scattering are well-described
by the phenomenology of pomeron exchange (Regge theory), where the
pomeron is a color singlet with quantum numbers of the vacuum. The
literature on diffractive dissociation is extensive and a few review articles
are given in Ref. [1]. Regge theory predates the quark-gluon model, and it
is not clear how to combine it with QCD. Definitions of the pomeron vary
from a theoretical definition: “the highest Regge trajectory with quantum
numbers of the vacuum, responsible for the growth in the hadronic cross
section with /s ” to an experimental one: “the thing that causes rapidity
gaps” [2]. Many experiments have studied diffractive and elastic scattering
at different center-of-mass energies, but due to the non-perturbative nature
of the interactions, insight into the underlying process has been limited. The
exact nature of the pomeron (Is it composed of quarks and gluons? hard
or soft? the same object as a function of momentum transfer?) remains
elusive, although recent theoretical ideas and experimental results are be-
ginning to yield some answers. This brings us to the rather new field of hard

!Pseudorapidity, 7 = —Intan(f/2), where 8 is the polar angle of the particle with
respect to the beam, is frequently used as an approximation to rapidity.
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Figure 1: (a) The diagram for elastic scattering, in which a pomeron is
exchanged resulting in the scattering of the proton and anti-proton. The
171—¢ plot shows the distribution of particles in this event—no particles are
produced between the scattered proton and p. (b) The diagram for single
diffractive scattering, which is similar to elastic scattering except that the
proton breaks up, producing particles in a limited region of rapidity.

diffraction.

2.1.1 Hard Diffraction

Ingelman and Schlein [3] proposed that the observation of jets in diffractive
events would probe the partonic nature of the exchanged object, whether it
is the pomeron or something else. Their paper introduced the field of hard
diffractive scattering, which refers to the subset of traditional diffractive
interactions characterized by high transverse momentum (pr) scattering.
They assumed that the pomeron can be treated as an object that exists
within a proton, and that it is thus sensible to define a flux of pomerons
in the proton as well as a pomeron structure function. They proposed a
gluonic pomeron with either a hard structure, as would be derived from two
gluons sharing the pomeron momentum ~ S(1 — ), or a soft structure like
the gluonic structure of the proton ~ (1 — 8)°, where 8 is the momentum
fraction of the parton with respect to the pomeron. With these assump-
tions they were able to make predictions for diffractive jet production cross



sections and properties.

The first experimental results on this subject were published by the UAS8
Collaboration at CERN, and showed the existence of jets in single diffrac-
tive events [4] and that these jets had rapidity and longitudinal momentum
distributions consistent with a hard pomeron structure [5]. There was also
evidence for a “super-hard” or “coherent” pomeron, where the entire mo-
mentum of the pomeron participates in the hard scattering [5].

The UAS8 Collaboration tagged diffractive events using a small angle
spectrometer to detect and reconstruct the leading proton [6]. A proton
spectrometer typically consists of machine magnets surrounded by a series
of Roman pots, which are vessels that house position detectors. These pots
can be positioned close to the beam and used to measure protons that are
scattered through small angles, by measuring the bend of the track in the
known magnetic field. Diffractive events can also be identified using rapidity
gaps [7, 8], which are experimentally defined as the absence of particles or
energy above threshold in some region of rapidity. Since the pomeron is
a color singlet, radiation is suppressed in events with pomeron exchange
typically resulting in large rapidity gaps in these events [9].

Figure 2 shows the diagram for hard single diffraction producing two jets,
a scattered p, and a rapidity gap. This figure is identical to Fig. 1(b) for tra-
ditional diffraction except for the production of jets. We use the convenient
language of Ingelman and Schlein to describe the process as occurring in
two steps. First the pomeron is emitted from the p, with an emission prob-
ability described by the pomeron flux factor. The p is scattered but remains
intact, while the pomeron interacts with the proton in a hard scattering
producing jets and a rapidity gap in the region near the p. The charge con-
jugate diagram where the proton remains intact and the p is fragmented is
equally likely. The detailed study of these interactions will yield insight into
the nature of the pomeron and reveal the validity of this phenomenological
picture.

2.1.2 Recent Experimental Results

The study of hard diffractive processes has expanded dramatically in recent
years. Results from HERA and the Tevatron include the observation of
diffractive jet production [10, 11, 12], diffractive W boson production [13],
and rapidity gaps between high transverse energy jets [14, 15, 16, 17].

As an example of some of this work, we describe in detail a DO search for
hard diffractive jet production using rapidity gap techniques. Preliminary
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Figure 2: The diagram for a hard single diffractive interaction resulting in
a final state with a scattered p and two jets. The 1—¢ plot shows the distri-
bution of particles in this event including a rapidity gap near the scattered
p and the circles which represent the two jets.

results show evidence for hard diffractive jet production at center-of-mass
energies /s = 1800GeV and 630 GeV [11]. The data used in this study
were obtained using a forward jet trigger requiring at least two jets above
12GeV in the region > 1.6 or 7 < —1.6. A forward jet trigger is ideal
for studying diffractive jet production, since the interacting parton in the
pomeron typically has a smaller momentum fraction than the one from the
proton, resulting in a boosted jet system. Events with multiple pp inter-
actions or spurious jets have been removed. Jets are reconstructed using a
cone algorithm with radius R = \/An? 4+ A¢? = 0.7. The number of EM
towers (npy) above a 200 MeV energy threshold is measured opposite the
leading two jets (E7 > 12 GeV) in the region 2 < |p| < 4.1 for the data.
The (npy) distribution is shown in Fig. 3 for /s of (a) 1800 GeV and (b)
630 GeV. The distributions at both center-of-mass energies show a striking
peak at zero multiplicity indicating a class of events with no particles de-
tected opposite the dijet system. The curves shown are negative binomial
fits to the data excluding low multiplicity bins and extrapolated to zero to
estimate the background from standard color exchange, which is typically
well described by such a distribution [18]. The dashed curve is a fit to the
whole distribution, while the dotted curve is a fit to the leading edge only.
The excess at zero multiplicity for both center-of-mass energies is on the
order of 1% and is in qualitative agreement with expectations for a hard
diffractive component.



Figure 4(a) shows an actual D® hard diffractive candidate event with
Roman pots superimposed. This overlay demonstrates how a “typical” Run
II event display might appear: a central jet, a forward jet, calorimeter energy
and charged tracks in one hemisphere, and a rapidity gap and detected anti-
proton in the other hemisphere. Figure 4(b) shows a similar overlay with a
hard double pomeron exchange candidate (extracted from a promising pre-
liminary search for this class of events described in Ref. [11] and Sec. 2.2.4),
which has two central jets and forward-backward rapidity gaps. Both p and
p tracks could be detected in this event with the Forward Proton Detector,
the details of which will be discussed later in this document.
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Figure 3: Number of electromagnetic calorimeter towers (ngy) above a
200 MeV energy threshold for the region 2 < 5 < 4.1 opposite the for-
ward jets for center-of-mass energies of (a) 1800 GeV and (b) 630 GeV. The
curves are negative binomial fits to the data excluding low multiplicity bins.
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Figure 4: Event displays showing Run I candidate events with a Forward
Proton Detector (not to scale) added. (a) shows a hard diffractive candidate
with a forward and central jet and a large rapidity gap in the out-going p
hemisphere. The p could be tagged by the FPD. (b) shows a hard double
pomeron candidate event with central jets and two rapidity gaps. Both the
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The H1 and ZEUS Collaborations have published many papers on diffrac-
tion, and the combination of diffractive jet production with diffractive deep
inelastic scattering measurements has led to a picture of the pomeron that is
dominantly composed of hard gluons, but with some quark component [19].
Results from CDF on hard diffractive jet production (similar to the D@
analysis detailed above), combined with their observation of diffractive W
boson production, also support a dominantly gluonic Pomeron, but do not
yield much insight into the pomeron structure function. There are also
questions about how to combine results from HERA and the Tevatron, as
the normalization may depend on center-of-mass energy [20]. The normal-
ization uncertainty arises from how the flux of pomerons in the proton is
defined and whether or not the pomeron obeys the momentum sum rule,
which states that the sum of the momentum fractions of the constituents
of a particle should be one. The momentum sum rule is not obviously true
for the pomeron, which may not be a traditional particle with a uniquely
defined structure function. The data obtained with the FPD should shed
light on many of these issues and lead to a coherent picture of the pomeron.

2.2 Physics Topics Accessible with the FPD
2.2.1 Diffractive Mass Dependence

Although rapidity gap studies can be used to gain some insight into the
nature of the pomeron, these studies can be vastly improved through the
addition of a Forward Proton Detector (FPD). Tagging the forward proton
removes the ambiguity of a rapidity gap tag, which suffers from background
due to low multiplicity non-diffractive events. This removes the need for
fitting multiplicity distributions to determine the non-diffractive background
(as shown in Fig. 3). The rapidity gap tag also does not give information
on whether the scattered proton remains intact or is excited into a low-mass
state, which could still yield a rapidity gap.

By detecting the scattered proton, one can measure its momentum (p)
and thus derive two key variables #, = p/pPbeam, the fractional longitudi-
nal momentum of the scattered proton, and ¢ = (pPpcam — P)?, the four-
momentum transfer to the proton. Rapidity gap techniques do not give
access to these two variables and thus lose important information about the
diffractive process. The momentum fraction of the pomeron (¢) is simply
related to the momentum fraction of the proton by £ =1 — z,. A measure-
ment of the proton momentum thus gives the diffractive mass My through



the equation My = /€ - /s, where /s is the center-of-mass energy.
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Figure 5: (a) A plot of dN/d|t| = e Sl which is a good approximation
to the |¢| distribution for single diffraction. (b) The solid curve shows an
approximation to the z, dependence of CDF single diffractive data. The
dashed curve shows an estimate of the non-pomeron exchange background.

Figure 5(a) shows the |t|-dependence of single diffraction, which has been
measured to be do/d|t| ~ e !, where b ~ 6 for single diffraction at /5 =
1800 GeV [21]. The exact slope has a mild dependence on 4/s and Mx. For
elastic scattering, the cross section drops even more steeply with b ~ 17 [22].
Figure 5(b) shows the £ dependence of diffraction, where the curves are
approximations to the /s = 1800 GeV data in Ref. [21]. The solid curve is
sharply peaked at £ = 0 (the beam energy), with some smearing due to the
0.1% momentum resolution and a tail to higher ¢ values (the distribution
for elastic scattering does not have the higher £ tail). The dashed curve is
an estimate of the non-pomeron exchange background. Pomeron exchange



is typically assumed to dominate over other exchanges in the region where
£ < 0.05 (z, > 0.95), which implies a maximum mass of Mx = 450 GeV/c?
for the Tevatron in Run II (/s = 2000 GeV).?

The ability to obtain large data samples and divide the data into mass
bins facilitates the comparison of the data with theory in the form of phe-
nomenological Monte Carlos, and allows studies of the pomeron structure
in the pomeron-proton center-of-mass.

2.2.2 Momentum Transfer Dependence

The ability to study hard diffraction in bins of momentum transfer is another
crucial advantage provided by the FPD. The momentum transfer to the
proton is equal to the momentum transfer of the pomeron, and there is
a simple relation between the momentum transfer and the angle 8 of the
scattered proton 8 = v/t/(Pbeam NCTS ). Current phenomenology assumes
that the slope of do/dt is the same as for soft diffraction, but this requires
verification. It is quite possible that a phase transition in the behavior of the
pomeron occurs above some |¢| threshold. At low |¢|, the pomeron structure
may be significantly softer (that is, peaked at lower 3) than at higher [¢|,
where it may have a hard two gluon or two quark structure which results in
intermediate 3, or a super-hard structure (like a single gluon) which results
in a B distribution peaked near one.

2.2.3 Super-hard Pomeron

One limitation of rapidity gap techniques is that the requirement of a rapid-
ity gap reduces the fiducial volume of the detector. The use of a scattered
proton as the diffractive tag, on the other hand, allows the full rapidity range
of the detector to be exploited to study the diffractive system. This would
in turn allow a search for the effects of the super-hard pomeron, which is
expected to frequently result in back-scattered jets in the rapidity interval
normally used to tag rapidity gaps. The super-hard pomeron is of great
theoretical interest [23], part of which stems from the fact that if the entire
pomeron momentum participates in the hard scatter, there is a dramatic
increase in the cross section for the diffractive production of heavy objects,
such as b quarks [24]. The cross section for hard double pomeron exchange
is also enhanced by super-hard pomeron exchange [25, 26].

2This rule of thumb is derived from lower /s experiments, and Fig. 5(b) indicates
¢ < 0.03 (Mx = 350 GeV/c?) might be a safer requirement to avoid background.
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2.2.4 Hard Double Pomeron Exchange

Hard double pomeron exchange is another process that can be studied ef-
fectively using the FPD. In this process both the incoming proton and anti-
proton emit a pomeron and the two pomerons interact to produce a massive
system. At the Tevatron a central system of about 100 GeV could be pro-
duced. With both arms instrumented it would be possible to measure both
the proton and anti-proton using the FPD, and jets (for example) using the
central calorimeter.

-
~. o| (Gap): " (Gap)
?\ .Q. D
\

Figure 6: The diagram for a hard double pomeron exchange interaction re-
sulting in a final state with a scattered proton, anti-proton, and two jets.
The n—¢ plot shows the distribution of particles in this event including for-
ward and backward rapidity gaps and the circles which represent the two
jets.

Due to the lack of color flow, rapidity gaps are expected to be produced
whenever a pomeron is emitted. Hard double pomeron exchange would thus
be expected to produce two rapidity gaps in conjunction with central jets.
D® has already begun a search for this unique topology, which is shown
in Fig. 6. A sample of double gap events has been observed, although the
interpretation of them in terms of hard double pomeron exchange requires
further study [11]. The addition of the FPD would remove any ambiguity
from these results and make it possible to study these very interesting events
in detail as the kinematics of the event would be fully determined by the
detection of both the p and p.

Observation and measurement of hard double pomeron exchange would
help determine the pomeron structure and provide unique information on

11



the pomeron flux. Double pomeron exchange would have a normalization
proportional to the square of the flux factor, unlike other hard diffractive
processes. In addition, this process has been proposed as a trigger for Higgs
production at the LHC [27]. Knowledge gained at the Tevatron would indi-
cate if this approach is worth pursuing.

2.2.5 Diffractive Production of Massive States

Hard diffraction is not limited to jet production. As mentioned earlier,
there is already evidence for diffractive W boson production [13]. There
is now preliminary evidence for diffractive b quark and J/¥ production
as well [28]. It is plausible that every state below mass threshold can be
produced diffractively, so diffractive production of Higgs bosons and top
quarks is not out of the question. The FPD combined with the excellent
particle identification of the upgraded D@ detector will allow searches for a
large range of hard diffractive final states. Combining the information from
different diffractive searches will allow the determination of the quark and
gluon content of the pomeron, as well as testing whether it behaves like a
universal object with a consistent structure.

2.2.6 Other Physics Topics

There are many other physics topics besides hard diffraction that will be
accessible with the FPD. These include

e Inclusive double pomeron. This process has not been observed at
the Tevatron and there are large uncertainties in the cross section.
Recent predictions of shadowing effects [29] can be tested as well as
the pomeron flux factor. Inclusive double pomeron interactions are
an ideal place to look for glueball production, and the clean event
topologies would make them easier to detect.

e Centauros. The observation of anomalous cosmic ray events [30] has
not been adequately explained. It has been proposed that centauros
may be produced diffractively, which would explain why they have not
yet been observed by collider experiments [31]. The FPD would allow
the search for centauro production in diffractive events.

e High-|¢| elastic scattering. There is little data on elastic scattering
except at small momentum transfers, so the FPD would be in a unique

12



position to map out the |¢| dependence of the elastic cross section up
to a few GeVZ.

o Inclusive single diffraction. Many properties of inclusive single diffrac-
tion have been measured at the Tevatron [21], but there is little data
on the momentum transfer dependence of these results. The FPD will
allow us to make significant contributions to the understanding of soft
as well as hard diffraction.

e Comparison of results with different tags. Combining rapidity gap
tags and proton tags will also be an interesting study to see how often
the proton is associated with a rapidity gap and vice versa. Complete
overlap is not expected due to the super-hard pomeron, which would
not generally give a rapidity gap in the D@ detector, and also due to
diffractive excitation of the proton.

2.3 Tevatron versus HERA

Although much can be learned about the pomeron at HERA, there are
distinct advantages to studying hard diffraction at the Tevatron. Diffractive
systems with mass greater than 450 GeV/c? can be produced at the Tevatron
compared to only 70 GeV/c? at HERA. This allows for the production of
high pr objects at the Tevatron (such as W or Z bosons) as well as large
jet cross sections. Without these large cross sections it is impossible to
study high |¢| exchange since the cross section decreases so steeply with |¢|
(Fig. 5). The super-hard pomeron can best be studied at the Tevatron, since
at HERA it can result only from a higher twist diagram, which is suppressed
(gluons from the pomeron cannot connect directly to the photon, but must
connect to the hard scattering, a configuration which is suppressed) [32].
Double pomeron exchange obviously cannot be studied at an ep collider.
Finally, one of the key results will stem from the comparison of pomeron
structure in ep and pp collisions. If the pomeron behaves like a particle
it should have consistent structure independent of the nature of the probe
(electron or proton).

2.4 Interpretation of the Data

To effectively utilize the large data samples that can be obtained with the
FPD (see Sec. 5), it is useful to have Monte Carlo simulations of the physics
processes. The Monte Carlo POMPYT [33] incorporates the Ingelman-Schlein
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model (described in Sec. 2.1.1) and can be used to generate samples to
compare to hard diffractive data. The Monte Carlo allows for the choice of
different pomeron structure functions and quark and gluon combinations,
and can thus be used in conjunction with the data to derive a pomeron
structure, or to determine if the concept of a pomeron structure is valid.
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Figure 7: The pseudorapidity distribution of the two leading (highest Er)
jets for Monte Carlo simulations. The solid (dashed) histogram is from the
POMPYT hard diffractive Monte Carlo with a scattered proton at 7 ~ 8 and
a soft (hard) gluonic pomeron structure. The dotted histogram is from the
non-diffractive PYTHIA Monte Carlo.

We have performed Monte Carlo studies of diffractive dijet production.
Figure 7 shows the 5 distribution of the leading two jets (E7 > 12 GeV) for
three Monte Carlo samples. The solid and dashed histograms are generated
using POMPYT with soft and hard pomeron structures, respectively, while
the dotted histogram is for a non-diffractive PYTHIA [34] sample. This vari-
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able clearly has sensitivity to different pomeron structures, with the softer
structure boosted significantly towards negative 7 (the direction opposite the
detected proton) compared to the hard structure and the symmetric PYTHIA
distribution. This variable and similar variables, such as the longitudinal
momentum of the two jet system (which directly reflects the imbalance be-
tween the parton from the pomeron and the parton from the proton), can
be used to derive the pomeron structure. Event samples of a few hundred
events are adequate to distinguish between a hard and soft structure (as
done in UAS8), but larger samples will allow the detailed extraction of a
pomeron structure in various £ and |t| bins. These variables, however, can-
not distinguish easily between a quarkonic or a hard gluonic pomeron, which
have similar structures.

To derive the quark and gluon content of the pomeron, we will want
to measure the dijet cross section as well as the cross section for other
process, such as diffractive W boson and diffractive b quark production.
These processes have different dependences on the quark and gluon content
of the pomeron, as well as the pomeron structure function. Measuring the
cross section thus gives complementary information to that obtained from
various angular and kinematic distributions. An example of the power of
the cross section to distinguish between different pomeron models is the
measurement of the dijet cross section for two jets with E7 > 20 GeV. The
prediction for a hard gluon cross section is 2.3 times the hard quark cross
section, with little  or E7 dependence, while the soft gluon ranges from
about 0.5 to 3.0 times the hard gluon depending on the exact  and Er
cuts. From our experience in Run I, we expect to be able to measure this
cross section with a better than 50% error. If we have enough statistics to
raise the Er threshold, the error can be reduced to about 30%.

There are currently no double pomeron Monte